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ABSTRACT 
The purpose of this thesis is to design and test a 
synchronous detection system which will operate linearly 
over a range of 80 do. 
In research and development work it is frequently 
necessary to record a signal whose amplitude may vary over 
wide ranges. This is usually done by modulating the signal 
at an audio frequency and using a crystal diode, bolometer, 
or other square-law device as a detector and using the out-
put from this detector to operate a logarithmic recorder. 
The dynamic range of most commercial logarithmic recorders 
is about 80 db, and, when used with a square-law detector, 
the range of signal level that can be recorded is only about 
40 db. This same recorder, when used with a synchronous de-
tector, hae a aynsmic range of 80 db. 
The synchronous detector requires a constant amplitude 
reference signal of the same frequency and phase as the signal 
being detected. A separate path from the transmitter to the 
detector is usually necessary, although an oscillator wnich 
is synchronized with the received signal may be used instead. 
The system described in this thesis makes use of two channels. 
One of the channels consists of a high-gain amplifier and a 
limiter and provides the constant amplitude reference signal 
for the synchronous detector. The other channel contains a 
V 
modulator in which the signal is chopped at a frequency of 
2,500 cycles. The outputs of the two channels are combined 
in the synchronous detector. The output of the synchronous 
detector is a 2,500-cycle signal which may be used to operate 
a logarithmic recorder. 
This synchronous detection system was designed for use 
ss the intermediate frequency amplifier of a microwave re-
ceiver. It operates at a frequency of 36.5 megacycles and 
has a bandwidth of 4.0 megacycles. The system also includes 
an automatic frequency control unit which provides sufficient 
output voltage to control a reflex klystron oscillator. 
This synchronous detection system gives very good re-
sults over the 60 db range between -5 dbm and -85 dbm. Its 
departure from linearity over this range is about 1.0 db at 
36.5 megacycles and about 4.0 db near the band edge. 
CHAPTER I 
INTRODUCTION 
The problem of obtaining linear detection,—Most of the com-
mon systems for detection of a high frequency signal depend 
upon rectification or the use of a non-linear device such as 
a vacuum tube operating near cut-off. These systems, and 
also power sensitive devices such as bolometers and thermis-
tors, tend to have a square law response at low signal levels. 
litto a square law detector, it is very difficult to detect a 
signal below about 0.001 microwatt. The square law detector 
is most useful at power levels greater than 0.01 microwatt» 
If a detector gave a linear rather than a square law 
response, it should be possible to detect a signal at a much 
lower power level. This paper deals with the synchronous 
detector as a means for obtaining this linear response. It 
is one of the few types of detectors that has a linear re-
sponse over a wide range. 
The synchronous detector.—A synchronous detector is a mixer 
circuit in which the oscillator and signal frequencies are the 
same, and their relative phase is held at either zero or one 
hundred and eighty degrees,, It could also be considered as a 
detector producing rectification. The synchronous detector 
described in this thesis uses two 6AS6 pentode tubes. A va-
riable transconductance is obtained by applying a variable 
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voltage to the suppressor grid* This voltage varies the di-
vision of the cathode current between the screen and the 
plate while having negligible effect on the value of the cath-
ode current. 
When a square-wave voltage of sufficient amplitude is 
applied to the suppressor grid of a 6AS6 tube, a square-wave 
plate current will flow with a minimum value of zero. Under 
these conditions, with a sinusoidal voltage applied to the 
grid, and with a relative phase angle of 0 degrees with re-
spect to the square-wave, the average plate current of the 
tube could be expressed as 
I 
/2 A sin t dt = A/ (cos 0) K 
Under these conditions it can be seen that if the relative 
phase angle can be held constant, an exact reproduction of 
any modulation, A, on the input signal will be obtained. K 
is the static plate current of the tube with no signal applied 
to the control grid. 
A more complete analysis, using a series expansion of 
the reference signal, is given in the next chapter. 
If the reference signal applied to the suppressor grid 
is sinusoidal and its amplitude is such that the suppressor 
grid-to-plate transconductance is approximately constant, the 
control grid-to-plate transconductance will be modulated by 
the suppressor grid voltage and may be expressed in the form 
gm = B CD sin t 
where B and G are constants and D is the amplitude of the 
suppressor grid voltage. If the control grid voltage is 
E sin ( t 0) 
the plate current may be expressed as follows: 
i : E sin ( t 0) B CD sin t 
ip = BE sin ( t 0) (CDE sin t)(sin t 0) 
ip S BE sin ( t 0) JCEi cos 0 
- iCBE cos (2 t 0) 
If the output current from the tube is passed through 
a low-pass filter, the output current from the filter may 
be expressed as 
i Z iCDE cos 0 
The output is proportional to the product of the am-
plitudes of the oscillator and the signal and the cosine of 
their relative phase angle• If the oscillator amplitude and 
relative phase angle can be held constant, the output will 
be directly proportional to the input. Usually when a syn-
chronous detector is used a separate path is provided from 
the oscillator to the detector for the oscillator or refer-
ence signal. Slight variation in path length may cause er-
rors in the relative phase shift at the detector and result 
in non-linear response. In the unit to be described, this 
difficulty was overcome by using a single path from the 
4 
transmitter to the receiver and dividing it within the re-
ceiver. 
Block diagram of a synchronous detection superheterodyne.--
In the block diagram of the receiver, Pig, 1, an unmodulated 
high frequency signal comes from the antenna to a mixer as in 
a conventional superheterodyne receiver. Automatic frequency 
control is included to simplify microwave operation when a 
klystron local oscillator is being used. The signal from the 
mixer is fed into two channels. One is used to produce the 
oscillator or reference signal for the detector. It is a 
synchronous tuned amplifier using seven 6AK5 tubes. The cen-
ter frequency is 36.5 megacycles. The first stage is a caecode 
amplifier using a triode connected 6AK5 to obtain a low noise 
level. The last two stages are designed to act as limiters 
and give a constant output. 
Loading resistors are paralleled with all tuned cir-
cuits to produce a bandwidth of about four megacycles. The 
gain is about 130 db. The output of the reference channel is 
fed into both the synchronous detector and the automatic fre-
quency control circuit. 
The automatic frequency control circuit consists of a 
ratio detector followed by a direct current amplifier. The 
output voltage swing is approximately 40 volts peak to peak, 
which is sufficient for most common reflex klystron tubes. 
The other channel feeds into a modulator which chops 


























Fig. 1. Block Diagram of a Synchronous Detection 
Superheterodyne" 
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square wave modulation at that frequency. The output of the 
modulator feeds into an isolation amplifier. This channel 
contains a phase shifting circuit which has the same phase 
shift versus frequency characteristic as the reference chan-
nel. This channel gives a push-pull output which is fed into 
the control grids of two 6AS6 tubes. 
The two 6AS6 tubes are used as a synchronous detector. 
The signal to be measured is fed into the control grids of the 
two tubes. The output of the reference channel is fed into 
the suppressor grids in parallel. Push-pull output is taken 
from the plates. This arrangement tends to cancel noise that 
may be produced by rectification of the reference signal on 
the suppressor grid. The output of the synchronous aetector 
is amplified by a tuned logaritlimic amplifier and then record-
ed if it is desired to plot a very wide range of values. 
previous work with the synchronous detector.—During 1953, 
M. g« Brodwin, C. M. Johnson and V. M. Waters (1) of John 
Hopkins University, in an srticle on synchronous detectors, 
reported sensitivities of -110 dbm, about 30 db better than 
a crystal detector. Linear response over a range of 60 db 
was easily attainea. The system used required two signals to 
the receiver from the transmitter. One was modulated while 
the other was carefully controllec in amplitude and phase 
shift. Tests -/ere conducted at frequencies up to 99 kilo-
megacycles. 
Earlier work on the synchronous detector was done by 
7 
L, Gr. Tucker (2) during 195,2. He used a system very similar 
to that used by Brodwin, Johnson, and ..aters. He claims bet-
ter signal to noipe ratio on pulsed signals than was obtained 
with conventional oetectors. 
In 19&1, R. A. Smith (3) published an article on co-
herent and incoherent detectors, in which he said he obtained 
a considerable improvement in signal-to-noise ratio at signal-
to-noise ratios of less than unity when using a coherent 
detector, 
During 1949, N'. C. Michels and E. D. Redding (4) pub-
lished an article on an improved synchronous detector. It 
had a very narrow bandwidth and operated at 800 cycles per 
second. 
The original work on synchronous detection was aone by 
. C. Michels and N. L. Curtis (5) in 1941. A low frequency 
was used then as in their later work. 
The unit to be discussed in this paper will differ from 
previous detectors of this type in being wide band and re-
quiring a single signal from the transmitter. It is intended 
to be the intermediate frequency amplifier of a microwave 
superheterodyne system, but this would not be necessary if it 
were used at frequencies belovir about fifty megacycles. 
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CHAPTER II 
ANALYSIS OP CIRCUITS 
The reference channel.—The reference channel takes the place 
of the separate reference path from the transmitter, which is 
usually required by a synchronous detector. It contains a 
high gain synchronous-tuned amplifier. A cascode amplifier 
is used as the input stage of the reference channel amplifier 
because it has a very low noise output. It gives considera-
bly better sensitivity than would be obtained if a pentode 
were used. The cascode stage is followed by five stages of 
amplification in which pentodes are used. The last two of 
these stages are limiters and have a constant output of about 
15 volts over the dynamic range of this unit. The output of 
this amplifier is the reference signal which is used by the 
synchronous detector. Pig. 2 shows the circuit diagram of the 
reference channel amplifier,. 
A complete discussion of the cascode amplifier may be 
found in either Vacuum Tube Amplifiers by Henry mailman and 
George E. Valley, Jr. (6) or "A Low-Noise Amplifier" by Henry 
Mailman, Allan B. feacnee and C. P. Gadsden (7), in the June, 
1946> issue of the Proceedings of the Institute of Radio En-
gineers. In the circuit used in this unit, the type 6AK5 
tube is used as a triode with the screen tied to the plate. 
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The 6AK5 triode has an equivalent noise resistance of 385 
ohms, tVhen it is operated as a pentode the equivalent noise 
resistance rises to about 1880 ohms, and the maximum sensi-
tivity of an amplifier using the tube would be only forty-
five per cent of that that could be obtained if the tube were 
operated as a triode. The second tube of the cascode is a 
type 6AS6 which is used as a triode by tying the screen grid, 
suppressor grid and plate together. The amplifier is tuned 
to 36.5 megacycles by variable inductance. The circuit dia-
gram of the cascode amplifier used in this unit is shown in 
Fig. 3. 
The operation of the cascode amplifier is very similar 
to that of a pentode tube which has a transconductance and 
equivalent noise resistance equal to those of the input tube. 
The second tube of the cascode has very little effect on ei-
ther the noise factor or the gain of the circuit. The input 
impedance of the grounded-grid or second tube is approximate-
ly the reciprocal of its transconductance, if this tube has 
a load resistance which is low in comparison with its plate 
resistance. This input impedance serves as the plate load of 
the first tube and is very much lower than its ;late resistance. 
The transconductance of the input tube is gmj_ and its load re-
sistance is Hri* The transconductance of the second tube is 
g and its load resistance is R T O. The gain of either stage 




* = SmRL 
The gain of the first tube is 
Al = SmlRLl = Sml/Sm2 
The gain of the second tube is 
A2 : «m2RL2 
The gain of the cascode amplifier is 
A1A2 = **LH2 
In the circuit used in this unit, g , has a value of 0,0067 
mho and R*« is 2700 ohms, and the voltage gain of this stage 
is 
AXA2 = (0.0067)(2700) 
Axk2 = 18.1 or 25.1 db 
It should be noticed that the plate of the first 
stage and cathode of the second stage are tuned to 36.5 mega-
cycles. The input impedance of the grounded-grid amplifier 
is about the same magnitude as the reactance of the stray 
capacity in this circuit. The Q of this circuit is approxi-
mately one since 
k = R*C 
The remaining five stages of the reference channel 
15 
amplifier use 6AK5 pentodes. They bring the total gain of 
the reference channel amplifier up to 150 db. 
There are seven tuned circuits in this channel that 
introduce phase shift if the frequency is shifted to either 
side of the center frequency. In order that it may be com-
pensated for, the phase shift-versus-frequency characteris-
tic of this amplifier will now be calculated. 
The pentode tubes have very high plate resistances 
and may be considered as constant current sources. The phase 
shift of the reference amplifier will therefore be equal to 
the sum of the phase angles of the impedances of the tuned 
circuits used as loads in this amplifier. 
Consider the tuned circuit as a parallel inductance, 
capacitance, and resistance. At the resonant frequency in 
radians per second, , the reactances of the inductance and 
the capacitance are equal. The resistance is R. The applied 
frequency is 
The admittance, Y, of the tuned circuit may be written 
Y = 1/R f j«C - j/ L 
If the resonant frequency is f0 and the applied fre-
quency is f, this equation may be written as 
Y = 1/R + (j 0C)(f/fQ - f0/f) 
This equation may be simplified by using the defini-
14 
tion 
a -- f - r0 
If Af is much smaller than f0, the admittance of the 
tuned circuit may be expressed as 
Y = 1/R # J2 0Clf/f0 
The phase shift, Q, of the parallel resonant circuit 
may be expressed as 
e = -tan"1 B/G 
where B is the imaginary part and G the real part of Y. If 
the values of B and G are substituted, the phase shift may 
be written 
© = -tan"1 2*0CRiif/f0 
The Q of a parallel resonant circuit at its resonant 
frequency is defined as 
Q = R 0C 
If ̂ f is expressed in megacycles and the value of fQ, 
36,5 megacycles, used in this unit is substituted in the ex-
pression for phase shift, © becomes 
9 - -tan"1 Q, f/l8.£5 
For small values of Q, f, this expression may be 
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replaced by 
9 » -3.15 Q f 
where 9 is the phase shift in degrees. From the above equa-
tion, and the ^ of unity for the tuned circuit in the cathode 
of the grounded-grid stage, the phase shift of the first tube 
in the cascode amplifier can be calculated to be 3.15 degrees 
per megacycle. The plate circuit of the second tube has a Q 
of 5, which results in a total phase shift of 18 degrees per 
megacycle for this stage. 
By the above method, the phase shift of the five re-
maining tuned circuits may be determined. Three stages have 
a phase shift of 15 degrees per megacycle and two stages have 
a phase shift of 9 degrees per megacycle. The total phase 
shift for the entire reference channel is approximately 81 
degrees per megacycle. This approximate result is useful, 
since the tolerances in stray capacitance and circuit compo-
nents would cause the phase shift to differ slightly from the 
calculated value.. A difference of 10 degrees in the phase 
shifts of the reference channel and signal channel would de-
crease the output voltage about 1.5 per cent. 
The overall gain of the reference channel, including 
the voltage step-up in the input circuit, is about 130 db. 
This e,sin, with the limiters, gives very nearlv constant out-
put over an input range of 80 db. 
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The output of the limiters is applied to the suppres-
sor grids of the synchronous detector and to an automatic 
frequency control circuit. 
The automatic frequency control uses a 6AK5 amplifier 
to drive a ratio detector. A complete discussion of the ratio 
detector may be obtained from either Frequency Modulation by 
Nathan Marchand ( ) or P-v Transmission and Reception by John 
F. Rider and Seymour L. Uslam (9). The circuit diagram is 
shown in Fig. 4. 
The ratio detector uses two 1N48 germanium dioaes as 
rectifiers. They are followed by a two-stage direct-cur-
rent amplifier which uses a 6J6 and a 12AX7 tube. The auto-
matic frequency control chassis, including the secondary wind-
ing of the ratio detector transformer, the diodes, ana the 
direct-current amplifier are designed to be operated at up 
to 4,000 volts to ground. This high-voltage insulation makes 
it possible to connect the output of this unit in series with 
the repeller voltage supply for a klystron oscillator. The 
Klystron tube is the local oscillator of an external micro-
wave converter and the synchronous detector described in this 
paper is used as the intermediate frequency amplifier and 
detector. 
The ratio detector used in this unit is conventional 
with the exception that it has a center-tapped loaa resistor 
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from the two ends of the load resistor, 
The push-pull output from the ratio detector drives 
a 6Jb amplifier. The 6J6 amplifier has high gain, but over-
loads easily. Its output is directly coupled to the grids of 
a 12AX7 amplifier. The cathodes of the 12.AX7 are biased 20 
volts positive to provide plate voltage for the 6J6. The 
12AX7 amplifier provides the automatic frequency control out-
put, which is the difference of the voltages at the plates of 
the 12AX7 tube. A maximum correction of approximately 40 
volts is obtainable. This output voltage is reached when 
the error in frequency is one megacycle and does not decrease 
until the frequency has changed by four megacycles. The auto 
matic frequency control circuit is designed to maintain the 
xncoming signal frequency between 36 and 37 megacycles for 
normal operating conditions. The bandwidth of the unit is 
much greater than this, but it is usually desirable to keep 
the error less than the 3 db that occurs at the band edge. 
The output from the automatic frequency control unit is con-
nected to an external microwave converter by means of a 
shielded cable. 
The operation of the unit may be shown by the follow-
ing calculated example. 
The output of the automatic frequency control ampli-
fier is added to the repeller voltage of a reflex klystron 
tube which is used as the local oscillator of a microwave 
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converter. If either this local oscillator or the signal 
being received tends to drift in frequency, the repeller 
voltage of the klystron tube will vary in such a manner that 
the output of the mixer will remain very close to the center 
frequency of the synchronous detector. Assume that a signal 
being received, on a frequency of 10,000 megacycles drifts 
15 megacycles. If a 2K25 klystron tube is being used as the 
local oscillator and the frequency of this tube changes one 
megacycle per volt change in repeller voltage, the drift at 
the intermediate frequency may be calculsted from the response 
of the automatic frequency control unit. This response is 
about 160 volts per megacycle, so the drift at the interme-
diate frequency is 
i 
15/160 = 0.094 megacycle 
The change in the intermediate frequency for the above ex-
ample is only slightly more than one per cent of the change 
that had occurred in the frequency of the carrier being re-
ceived. 
The signal channel.--The signal channel consists of an am-
plifier feeding into a delay line, a modulator, and an iso-
lation amplifier. The circuit diagram is shown in Pig. 5. 
This channel uses a 6AK5 amplifier in its input stage. 
The plate of this tube is connected to a transmission line, 
which has a phase shift-versus-frequency characteristic which 
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is close to that of the reference channel. It was shown in 
the first section of this chapter that the reference channel 
had a phase shift of 81 degrees per megacycle. This is equiv 
alent to a transmission line of sufficient length to produce 
a phase shift of 0,225 wavelength when the frequency is 
changed 2.74 per cent. From these requirements the line 
length, A, can be calculated as 
X = (X • 0.225)/(1.0274) 
which gives 
X = 8.2 wavelengths 
This corresponds to a time delay of 0.225 microseconds. 
RG-65-U coaxial cable is used as the delay line. It has a 
time delay of 0.042 microseconds per foot and a characteris-
tic impedance of 950 ohms. For a delay of 0.225 microsec-
onds, the length of cable required is 5.35 feet. This cable 
has an attenuation of 40 db per 100 feet at 36 megacycles. 
The delay line used in this unit has an attenuation of about 
2.4 db. The cable is terminated with a resistive load of a-
bout 960 ohms, obtained by paralleling a 1000-ohm resistor 
with a tuned circuit. 
Other systems could have been used to obtain the nec-
essary phase shift, but the one which is used is probably 
the simplest. With a system in which the phase shift is lin-
early related to frequency, the total phase shift must be 
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2950 degrees. A lumped constant line made up of series re-
sistance and parallel capicitance would either have too much 
attenuation or would require so many sections that it would 
be impractical. An arrangement using six tuned circuits 
could, be used. This method would probably be the most satis-
factory solution if the frequency used was below about ten 
megacycles. At frequencies near 36 megacycles, considerable 
difficulty was encountered in obtaining sufficient isolation 
between the signal channel and the reference channel. This 
is a result of the very great difference in the signal level 
of the reference channel and the signal channel, as will be 
discussed later. The addition of the six tuned circuits would 
make it very difficult to isolate the two channels. For this 
reason the use of the coaxial cable was considered the best 
solution. 
The output of the coaxial cable feeds a type 6AS6 pen-
tode, used as a modulator. The signal is chopped at a 2.5-
kilocycle rate by a square-wave voltage applied to the sup-
pressor grid. The plate circuit of the modulator is tuned to 
36.5 megacycles by means of a 2.2-microhenry coil. A 50-
micromicrofarad coupling capacitor from the modulator to the 
isolation stage and its 680 ohm grid leak resistor form a 
resistance-capacitance high pass-filter having a cut-off fre-
quency of about 5 megacycles. This filter is necessary to 
prevent the 2.5-kilocycle signal at the modulator from find-
23 
ing its way into the synchronous detector where it would re-
sult in a false output signal. The 2.5-kilocycle voltage at 
the modulator output is caused by modulator plate current 
flowing through the power-supply impedance. The output of 
the isolation amplifier is coupled into the synchronous de-
tector through another resistance-capacitance high pass fil-
ter to reduce the 2.5-kilocycle signal to a negligeble level. 
The synchronous detector.--The synchronous detector is de-
signed to give linear detection. It receives a "chopped" 
signal from the signal channel and has an output voltage at 
the chopping frequency of 2*5 kilocycles, which is directly 
proportional to the input signal voltage. 
A reference signal is applied to the suppressor grids 
of the 6AS6 tubes used in this detector. Since this signal 
_s of large amplitude, it is rectified by the suppressor grid 
and any modulation that may be present tends to appear in the 
output. This effect is most noticeable at very low input 
levels when noise may appear on the reference signal. To re-
duce this effect, two tubes are used as a balanced detector 
and the noise output which appears is the difference in the 
noise output of the two tubes. A considerable increase in 
sensitivity can be obtained in this manner. The circuit dia-
gram of this balanced synchronous detector is shown in Fig* 6. 
The operation of the synchronous detector will be shown, 
first, when the suppressor grid voltage is of large amplitude 
rHj1 
25 
and square waveform and second when the suppressor grid vol-
tage is sinusoidal ana of low amplitude. 
.B'or the case of a square wave of large amplitude on 
the suppressor grid, and of the same frequency as a sinusoid-
al voltage applied to the control grid with an angular dif-
ference of 0 degrees between the grid voltage and the funda-
mental component of the square wave, the operation of the 
synchronous detector may be expressed in the following manner. 
The input signal voltage is amplitude modulated by the 
function, 1 Em(t). Let I be the carrier frequency and the 
input signal to the synchronous detector may be expressed as 
e(t) = [l • Emit)] [cos ( t f 0) 
The transconductance, &m$ of the tube is modulated by 
a square wave such that 
g m ( t ) = flg/2* , ( 2 < V
n ^ - 1 ) ^ ( n - 1 ) cos n t 
n= 
g m ( t ) - Sm/2 • t 2 a m / ^ c o s t -)2G f f l/3*)cos 3 t 
2G m /5^ cos 5 t . . . 
The p l a t e current,* i ( t ) , of the d e t e c t o r may be ex-
hr 
pressed as 
ipl t ) = [l •£ m ( t )J [cos U t •0)f(Gm/2 
4^G m >}cos t - 2 0 m / 3 ^ c o s 3 t . . . ) 
i p ( t ) = Gm/2 [ l • Em(t)j 4Cos ( t j6) 
•[2cVfa|| x ^m^) ( i *cos 2 t ) cos j6 
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• i (sin 2i t) sin 0] - 2Gm/3T|̂ L • Em(t) 
j(^ cos 2 t i cos 4wt) cos 0 • (ir sin 4 t 
- J sin 2»rt) sin 0 • . . 
It can be seen that the plate current of the tube con-
tains a direct current component, plus the carrier frequency 
and its even harmonics. All are modulated by the same en-
velope as the input signal. If the carrier frequency and its 
harmonics are removed by a filter, the output current, i(t), 
may be expressed as 
i(t) = fMr|[l Em(t)' cos 0 * 
The waveform of this output current is the same as that 
of the modulation envelope of the input signal. 
In the second case, consider the operation of a syn-
chronous detector in which a sine wave of low amplitude is 
applied to the suppressor grid. Let * * be the carrier fre-
quency and the input signal be modulated by the function, 
1 | Em(t), such that 
e(t) = [l + Sm(t) ] cos (*t • 0) 
The voltage applied to the suppressor grid is 
t e_3( t) = A cos *• t 
where A is a constant. For a linear relation between the 
transconductance and the suppressor grid voltage, the control-
27 
gr id - to -p la t e transconductance may be expressed in the form 
1 
gm( t ) = B ( 1 4 A c o s *#t) 
where B is the transconductance of the tube with no signal 
voltage on the suppressor grid. The plate current can now 
be written as 
ip = [l • Sm(t)][cos («t 0) U) 
(1 I A cos «t) 
ir, = [l E m(t)|^ cos (<#t 4 0) • (iAB cos 0) 
(1 • cos 2«t) • (£AB sin 0)(sin 2 t) 
If all functions of wt are removed with a filter, the output 
current becomes 
i(t) r. l « Em(t)| tAB cos 0 
AS before the output current contains the same envelope as 
the input signal, 
A third case to be considered is the effect of a 
square-law ratio of transconductance to suppressor grid volt-
age. Let be the carrier frequency and let the signal volt-
age be modulated by the function, 1 || Em(t), such that the 
signal applied to the synchronous detector may be written 
e(t) z [l • Em(t) [cos (*t • 0)] 
The voltage applied to the suppressor grid is 
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eg3(t) = A cos *»t 
where A is the amplitude of the voltage. 
The transconductance is 
gm(t) = B (1 • A cos «t)
2 
where B is the transconductance of the tube with no voltage 
applied to the suppressor grid. 
For these conditions the plate current can be ex-
pressed as follows: 
s= t 1 * E™{t) K c o s (¥t * ^ 1 ( B ) 
(1 • A cos * t ) 2 
i p = ^1 • S m ( t ) ] [ c o s ( t • 0)](B • 2AB cos ->t 
• BA2 c o s 2 - t ) 
ip = 1 « Em( t)
 fAB cos ^ B cos (*>t + 0) 
4 tA2B (3 cos t ) cos 0 - ( s i n « # t ) s in 0\ 
• AB i(cos 2wt) cos 0 • ( s i n 2*t) s in j#j 
• tA2B |(cos 3fc»t) cos 0 - ( s i n 3*t) s in m 
I f the c a r r i e r frequency components and t h e i r harmonics are 
removed by a f i l t e r , the output c u r r e n t may be expressed as 
i ( t ) Z [ l • Em ( t ) | AB cos 0 
A linear relation between input and output is again 
obtained. It is not, however, the same output as was obtained 
for a linear relation between suppressor grid voltage and 
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transconductance. This indicates that if the tube character-
istics vary during operation, the output may be non-linear. 
The sensitivity obtainable will be reduced by the 
presence of noise from the reference channel. The reference 
signal is rectified by the suppressor grid of the 6AS6 tube 
and any noise modulation of the reference signal will appear 
in the output. Since the amplitude of the reference signal 
is much greater than the amplitude of the signal being meas-
ured, a small amount of noise in the reference signal may 
obliterate the desired signal. To reduce this effect a push-
pull detector is used. This tends to cancel any output sig-
nal that is a result of rectification, or square law response 
of the control or suppressor grids. 
Effect of feedback.—Any feedback from the synchronous de-
tector, which has a high-level reference signal, back to the 
low-level signal channel will result in very non-linear re-
sponse. The output will be proportional to the vector sum 
of the signal and feedback voltages and may also be reduced 
if any phase shift is caused by the feedback. It is possi-
ble for the output to go to zero at a high signal level and 
then reverse polarity and increase in amplitude as the signal 
level is decreased, until the signal approaches the noise 
level. If the feedback voltage is in phase with the signal 
voltage, the output will approach some fixed level as the 
input signal decreases. This output level will be maintained 
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until the signal approaches the noise level of the circuit, 
To produce the effects noted above, the feedback must 
be to a part of the signal channel preceeding the modulator, 
If the feedback is to a part of the circuit following the 
modulator, the effect will be to produce a direct current 
component in the output. This feedback will not cause non-
linearity unless it is of sufficient amplitude to overload 
the signal channel amplifier, 
CHAPTER III 
EXPERIMENTAL RESULTS 
inscription of the receiver.—The receiver is designed to be 
used as a fixed-frequency detector or as the intermediate-
frequency amplifier of a very high frequency or microwave 
receiver. The input signal feeds two channels. One, the 
reference channel, has high gain and gives constant output. 
The other, the signal channel, has a linear response, and 
contains a modulator, which chops the signal at a frequency 
of 2,500 cycles. It also contains a delay line which gives 
it a phase-shift-versus-frequency characteristic which close' 
ly approaches that of the reference channel. 
The outputs of these two channels are combined in a 
balanced synchronous detector. The output of the reference 
channel is fed to the suppressor grids of the tubes in paral-
lel. The modulated push-pull output of the signal channel 
is fed into the control grids. The detected output from the 
synchronous detector is push-pull, while any output produced 
by rectification or non-linear response by the control grids 
or suppressor grids gives in-phase output from the two de-
tector tubes. The output of one detector tube is reversed 
by means of a phase inverter and combined with the output of 
the other detector tube. Thus, signal components of the 
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detector* s output add, while components, due to non-linear 
response, cancel. A gain control is incorporated in the phase 
inverter to make it possible to obtain more complete cancel-
lation of the in-phase components by compensating for differ-
ences in tubes and component values. This results in a con-
siderable increase in sensitivity as will be shown later in 
this chapter. 
The reference channel is shielded from the signal 
channel, since stray coupling between them may result in non-
linear response. 
An automatic frequency control circuit is included. 
It is designed for use with an external microwave converter 
that uses a reflex-klystron tube as its local oscillator. Any 
klystron tube which operates with less than 4,000 volts on its 
repeller may be used. 
Plate voltage is obtained from a regulated power supply 
delivering about 120 volts direct current. regulation is 
used to keep the power-supply hum level low and to prevent 
plate voltage variations which might change the gain of the 
unit. A complete diagram of the receiver is shown in Pig. 7. 
Component values are not shown, but they may be obtained from 
the circuit diagrams given in Chapter II. 
Difficulties encountered in tests on the receiver.--Feedback 
of the reference signal into the signal channel will occur 
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voltage adds to the signal voltage and may either increase 
or decrease the output, depending on the phase of the feed-
back voltage. A typical result of this feedback is for the 
output to decrease non-linearly to zero and then build up to 
some constant amplitude, but of opposite phase, and maintain 
this output until the signal level approaches the noise level 
of the circuit. Even with shielding, it was found advisable 
to use low impedance circuits to reduce stray pickup. The 
difference of more than 100 db in the signal level of the 
two channels when the input-signal level is low makes it very 
difficult to completely eliminate the feedback. 
Some difficulty was encountered with 2,500 cycle volt-
age from the modulator finding its way into the synchronous 
detector and resulting in an output with no input signal, as 
well as affecting the linearity of the output. As explained 
earlier, the coupling circuits between the modulator and the 
synchronous detector are designed to be high-pass filters with 
cut-off frequencies of about five megacycles. This reduces 
feed-through of 2,500-cycle voltage to a negligible level. 
Differences in phase shift of the signal and reference 
channels will cause the output to have wide variations in am-
plitude with changes in carrier frequency. The output ampli-
tude-versus-frequency resembles a damped-cosine wave, if the 
phase shifts of the reference and signal channels do not vary 
at the same rate. The response of this unit with and without 
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the phase-correcting delay line is shown in Pig. 8. 
Results of the testt .--The response of this synchronous de-
tector is quite linear over a dynamic range of BO db. Pig. 9 
shows the range and linearity of the detector and the advan-
tage of the balanced detector. An increase in sensitivity 
of about 13 db was obtained by balancing the detector. The 
signal source was a Hewlett-Packard type 608 signal genera-
tor. Its attenuator which has a tolerance of plus or minus 
one db was used in adjusting the input signal level. The 
output of the synchronous detector was attenuated to a con-
stant level with a General Radio step attenuator. The output 
was monitored with a Tektronix oscilloscope and pre-ampli-
fier. 
The minimum signal which could be detected by the bal-
anced synchronous detector was about -93 dbm. The unit oper-
ates best if the input signal level stays between -5 dbm and 
-85 dbm. Below -85 dbm, there is a noticeable amount of 
noise in the output. At levels greater than -5 dbm, the sig-
nal channel amplifier overloads. The difference between the 
output of the balanced synchronous detector and straight line 
representing linear response is 1 db at -5 dbm, 3 db at 0 dbm, 
and 9 db at 7 dbm. At -90 dbm the error is approximately 
2 db. The presence of noise in the output at very low levels 
makes it difficult to measure the output accurately. The 
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vacuum tube voltmeter would tend to read the level of the 
noise peaks plus the signal. 
For comparison, the response of a 1N23 crystal detec-
tor is also shown in Pig, 9. A carrier frequency of 6,300 
megacycles, with 1,000-cycle square-wave modulation, was sup-
plied by a Hewlett-Packard Model 618A signal generator. The 
rectified signal level was measured with a Hewlett-Packard 
Model 415A voltmeter. This meter contains an attenuator and 
a 1,000-cycle amplifier which has a bandwidth of 50 cycles. 
The very narrow band-pass of the amplifier made it possible 
to measure much lower output levels than could be measured 
for the synchronous detector, which has a bandwidth of four 
megacycles. 
All three curves in Pig. 9 have been referred to the 
same level at 0 dbm in order that they may be compared easily. 
The response-versus-frequency is shown in Pig. 8. The 
oscillating response obtained when the delay line is not in 
the circuit is very similar to the variation predicted by the 
calculations of Chapter II. The frequencies nearest the cen-
ter of the band at which the output becomes zero are sepa-
rated by two megacycles. The difference in the phase shift 
of the reference channel and the signal channel is therefore 
90 degrees per megacycle. This is 9 degrees more than the 
calculations predicted and is probably caused by the Q of 
the tuned circuits being slightly higher than the values used 
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in calculating the phase shift. 
The response with the delay line in the circuit is a 
smooth curve which is approximately 3 db down from its peak 
when the intermediate frequency is 2.0 megacycles either side 
of center. This 3 db point may be due in part to the small 
remaining difference in the phase shifts of the two channels. 
The response of the automatic frequency control unit 
is shown in Pig. 10. The response has been made very sharp 
in order to hold the carrier near the center frequency of the 
detector. This prevents error that would be caused by the 
drop in response near the edges of the detector's frequency 
band. The automatic frequency control voltage does not begin 
to decrease until the frequency is about four megacycles ei-
ther side of the center frequency. This makes it improbable 
that the circuit would hold the carrier away from the center 
frequency by operating outside the peaks of the ratio detec-
tor1 s response where the slope of the voltage-versus-frequen-
cy curve reverses. 
The two klystron tubes required for testing the auto-
matic frequency control were not available. In order to show 
the improvement in frequency stability produced by this unit, 
a theoretical curve of the intermediate frequency as a func-
tion of the received carrier frequency is shown in Pig. 11. 
The local oscillator is assumed to be a klystron tube whose 
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voltage. 
The response of the reference channel amplifier is 
shown in Pig. 12. its response is relatively flat over the 
bandwidth of the detector. If the input signal level is low, 
the limiters will not remain saturated over as wide a band 
as when the signal level is high. This will cause the re-
ference channel amplifier to have a greater bandwidth when 
the input signal level is high than when it is low. The out-
put of the reference channel amplifier versus frequency for 
both high and low input signal levels is shown in Pig. 12. 
The amplitude-versus-frequency response of the signal 
channel is shown in Fig. 13. It was checked at a high input 
level since the voltmeter which was available could not be 
used to measure less than 0.1 volt* 
with no phase error, the output of the synchronous 
detector is proportional to the product of the output of the 
reference channel and the output of the signal channel. £,ach 
channel has a bandwidth greater than that required for the 
unit in order to prevent the bandwidth from becoming too nar-
row if a small amount of phase error were introduced by chang-
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Logarithmic recorders with a range of 80 db are avail-
able. Low signal frequencies, auch as 1,000 cycles, are nor-
mally used. If it is desirable to record a high-frequency 
signal, some means of frequency conversion, or detection of 
modulation on the signal must be used. Most detection sys-
tems have a square-law response which would limit the record-
ing range to 40 db. Conversion of the high-frequency signal 
to a frequency of about 1,000 cycles could be done, although 
it might be very difficult to obtain the necessary frequency 
stability of the local oscillator if the carrier being meas-
ured had a frequency of 10,000 megacycles. 
The synchronous detector provides an easy method of 
obtaining the full range of a recorder, or other measuring 
device, at a very high frequency. 
Although the unit described in this thesis has a band-
width of about four megacycles, a similar type of unit could 
be constructed for almost any bandwidth which could be ob-
tained with the reference channel. 
If very high sensitivity or very wide range is needed 
from a unit of this type, a narrow bandwidth should be used. 
The noise level in the reference channel limits the 
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sensitivity of this unit. If it could be lowered, greater 
dynamic range could also be obtained. About 80 db of linear 
range was obtained with the synchronous detector described 
in this paper. The low-level end of the range was limited 
by noise voltage from the reference channel, while the high-
level end was limited by overload of the amplifier tubes in 
the signal channel, 
The increase in range and sensitivity over a square-
law detector makes it possible to record the same dynamic 
range with a much lower power level if desired. In tests 
with this detector, an improvement of about 30 db in sensi-
tivity with respect to a 1NS3 crystal was obtained. 
The high sensitivity of the synchronous detector could 
be used to advantage in any microwave measurements in which 
a. magnetron tube is ordinarily needed to provide the neces-
sary power. It would make it possible to use a small klys-
tron tube in place of the magnetron tube, although an addi-
tional klystron tube would be required to provide the local 





Brodwin, M. E., Johnson, C. M. and Waters, W. M., "Low 
Level Synchronous Mixing," Proceedings of the institute 
of Radio Engineers, Vol. 41, August 1953, pp. 969-970. 
Tucker, D. G., "Synchrodyne and Coherent Detectors," 
Science Abstracts, Section B, Electrical Engineering, 
Vol. 55, 1952, p. 564. 
Smith, R. A., "Coherent and Incoherent Detectors," 
Science Abstracts, section B, Electrical Engineering, 
Vol. 54, 1951, p. 534. 
Michels, W. C. and Redding, E. D., "Improved Synchronous 
Detector," Science Abstracts, Section B, Electrical Engi-
neering, Vol. 52, 1949, p. 515. 
Michels, 91. C. and Curtis, N. L., "A Pentode Lock-in Am-
plifier of High Frequency Stability," Science Abstracts, 
Section B, Electrical Engineering, Vol. 44, 1941, p. 250. 
Valley, George E., Jr. and Mailman, Henry, Vacuum Tube 
Amplifiers, Ridenour, Louis N., New York, McGraw Hill 
Book Co., 1948, Vol. 18, pp. 645-657. 
•Jt/allman, Henry, Macnee, Alan B., and Gadsden, C. P., "A 
Low-lMoise Amplifier," Proceedings of the Institute of 
Radio Engineers, Vol. 36, June 1948, pp. 700-708. 
Marchand, Nathan, Frequency Modulation, New York, Murray 
Hill Books, inc., 1948, pp. 193-201. 
nider, John F. and Uslam, Seymour D., F-M Transmission 
nd Reception, New York, McGraw Hill Book Co., 1951, 
pp. 313-321. 
